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Estimation of relative glomerular capillary surface area in nor-
mal and hypertrophic rat kidneys. The quantity of antiglomerular
basement membrane antibodies (antiGBM) binding to the glome-
ruli of rats 4 hr after i .v. injection of 660 j.g of antiGMB was used
as a measure of relative glomerular capillary surface area (Sr).
Intact immature and adult rats (N = 27) weighing 46 to 440 g
were studied to assess the effect of normal growth on Sr. Young
adult rats (N = 36) were studied at 0, 8, 15, and 22 days following
uninephrectomy or sham operation to assess the effect of hyper-
trophic kidney growth on Sr. Bound antiGBM increased from 95
sg to approximately 350 g as rats grew from 46 to 200 g; further
growth was associated with no further increases in bound
antiGBM. In contrast, there was no progressive increase in S
following uninephrectomy or sham operation despite a 45% in-
crease in kidney weight at 22 days over the comparable kidney in
the sham-operated rats (1.32 SEM 0.06 g vs. 0.91 SEM 0.01 g,
P < 0.0001). Thus, increases in GFR during early normal kidney
growth parallel anatomic increases in Sr, but increases in GFR
with later growth or with compensatory hypertrophy in young
adult rats are not accompanied by changes in Sr.
Evaluation de Ia surface glomérulaire relative dans des reins
normaux ou hypertrophiques de rat. La quantité d'anticorps anti-
membrane basale (antiGBM) lie aux glomérules de rats 4 hr ap-
rès une injection iv. de 660 g de aGBM a été utilisée comme
une mesure relative de Ia surface capillaire glomerulaire (Sr) Des
rats intacts immatures ou adultes (N = 27) pesant 46 a 440 g ont
été étudiés afin d'évaluer l'effet de Ia croissance normale sur
(Sr). Des jeunes rats adultes (N = 36) ont été étudiés 0, 8, 15, et
22 jours après une nëphrectomie unilatérale ou un simulacre
d'intervention afin d'évaluer I'effet de l'hypertrophie sur Sr. La
quantité d'antiGBM fixée augmente de 95 ag a environ 350 g au
fur et a mesure que les rats croissent de 46 a 200 g. La croissance
ultérieure n'est pas associée avec une fixation supplémentaire
d'antiGBM. Après néphrectomie unilatérale ou simulacre
d'operation, au contraire, il n'y a pas d'augmentation progres-
sive de 5r malgré une augmentation de 45% du poids du rein au
22ème jour par comparaison avec le rein homologue des animaux
ayant subi un simulacre d'intervention (1,32 SEM 0,06g contre
0,91 SEM 0,01 g, P < 0,001). Ainsi l'augmentation de GFR au
cours de Ia croissance précoce du rein est parallèle a
l'augmentation anatomique de Sr alors que les augmentations de
GFR contemporaines de Ia croissance ultérieure ou de
l'hypertrophie compensatrice chez Ic jeune rat adulte ne sont pas
accompagnées d'augmentation de Sr.
Functional and anatomic alterations occur in the
rat kidney during both normal rat growth and the
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hypertrophic growth of the kidney that follows sur-
gical reduction of renal mass [1-4]. In perinatal rats,
increases in glomerular filtration rate (GFR) with
growth are presumably the result of increasing num-
bers and larger sizes of glomeruli. Increases in GFR
in more mature growing rats were found in micro-
puncture studies to be due to both greater glomeru-
Jar plasma flow (GPF) and a rise in ultrafiltration
coefficient (K,), while the hydrostatic pressure gra-
dient (P) in the glomerular capillaries remained
constant [5]. In contrast, the increase in SNGFR
following uninephrectomy was shown to be due to
increases in GPF and P while Kf remained con-
stant [6].
K, is the product of the hydraulic permeability (k)
and the glomerular capillary surface area (S) poten-
tially available for ultrafiltration. Although multiple
anatomic studies have described changes in gb-
merular volume, there have been no reported at-
tempts to directly measure S (or k) during normal
and/or hypertrophic growth of the kidney. This pa-
per describes a method for the assessment of rela-
tive glomerular capillary surface area (Se) in the rat
and compares changes in S. during normal and hy-
pertrophic growth of the kidney. The quantities of
antiGBM that bound to glomeruli after i.v. injection
were measured in growing rats of different sizes and
serially after uninephrectomy or sham operation in
young adult rats. We have assumed that the quanti-
ty of antiGBM bound after a large antibody dose
would relate in a constant manner to the total capil-
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lary surface area exposed to the circulation and thus
be a relative estimate of S. Our findings show that S.
increases during early normal growth but remains
constant during late growth and hypertrophic
growth despite considerable anatomic enlargement
of other renal components.
Methods
Animals. Female Wistar rats and male New Zea-
land white rabbits were purchased from Hilltop
Laboratories (Chatsworth, Calif.) and maintained
on standard laboratory diets.
Preparation of antiGBM. Rabbits were serially
immunized with isolated rat GBM, as previously
described [7]. The specificities of the resulting
antiGBM were assessed by immunofluorescence
microscopy of 1) renal tissue obtained from rats
which had received i.v. injections of 1.0 ml of the
rabbit antisera, and 2) normal renal tissue exposed
to the rabbit antisera in vitro [8]. Fluoresceinated
anti-rabbit immunoglobulin G (Ig G) was pur-
chased from Hylanci Laboratories (Costa Mesa,
Calif.). Linear immunofluorescence of only the
GBM was observed when rat kidneys obtained from
in vivo studies were stained with fluoresceinated
antirabbit IgG antisera. Fluorescence of the GBM
and the tubular basement membranes was observed
in kidneys exposed to antiGBM in vitro, but no flu-
orescence of tubular epithelial cells was observed.
Globulin fractions were separated from three
large poois of antisera (pools A, B, and C) by 50%
saturated ammonium sulfate precipitation. The
antiGBM from pool C were purified by ion ex-
change chromatography with DEAE Sephadex
(Pharmacia, Piscataway, N.J.). Protein concentra-
tions were determined by optical density. Aliquots
of each pooi were iodinated with iodine 125 (1251) to
a specific activity of 20 /LCi/mg by the chloramine T
method [9]. Normal rabbit globulins and Ig G were
similarly prepared and iodinated with iodine 131
(''1). The concentration of free iodine as estimated
by acid precipitation was less than 8% for all prepa-
rations at the time of their use.
Protocols. In all experiments, rats were injected
i.v. via the tail veins with 0.5 to 2.5 ml of solutions
containing antiGBM-1251 and trace amounts of nor-
mal rabbit IgG-'311 in phosphate buffered saline
(PBS). After 4 hr, 0.1-mi blood specimens were ob-
tained from the vena cava under ether anesthesia.
Rats were then killed, and body weights and kidney
weights were determined. The kidneys were ho-
mogenized in a small volume of PBS utilizing 30-sec
bursts with a Sorval Omni mixer (setting, 4) until
the homogenate passed easily into a Pasteur pipet
(usually 2 to 4 bursts). A glomerular-rich sediment
was obtained by centrifuging at x 200g for 4 mm and
washing the pellet twice with PBS.
Homogenate sediments, blood samples, and stan-
dards made from the injection mixtures were then
counted for 125j and 1311 activity in an automated
gamma counter. After correction for background
and Compton scatter, the micrograms antiGBM
specifically bound in the giomeruli were calculated
with a standard formula [10], with the 1311 counts to
correct for nonspecific binding. Nonspecific binding
of IgG 125J was 30 (sEM) 3.5% of total binding.
The antiGBM content of each pooi was deter-
mined in adult rats by using trace quantities of
antiGBM containing approximately 1.0 pCi of 123j
and normal rabbit globulins or rabbit IgG containing
1.0 /LCi of 1311. The antiGBM content of the various
pools was as follows: 12.2 (sEM) 0.1 pg/mg of
globulin for pool A, 11.0 0.4 pg/mg of globulin for
pool B, and 110 10 g/g of IgG for pooi C. No
difference in results was found as a consequence of
using any one of these pools, and therefore the data
are not segregated further.
Binding curves to determine antibody excess
doses of antiGBM were obtained in acute experi-
ments in intact rats (N 41; mean weight, 329 g
SEM 4 g) and slightly larger rats undergoing acute
uninephrectomy (N = 47; mean weight, 348 g
SEM 7 g). The quantity of antiGBM bound in the
glomeruli of rats 4 hr alter the Lv. administration of
660 g of antiGBM was then assessed for two
groups of animals. The first group consisted of in-
tact rats (N = 27) ranging in weight from 46 to 440 g.
The second group consisted of young adult rats (N
= 36; mean weight, 222 SEM 5.0 g) which had
undergone uninephrectomy or sham operation 0, 8,
15, or 22 days prior to being studied. Animals occa-
sionally died late (>3 hr) as a result of the large anti-
body load. The data from these animals were in-
cluded in the results, and no data in the study were
excluded from analysis.
Results
Effect of dose on binding of antiGBM. The quan-
tity of antiGBM bound to the remaining glomeruli
was measured 4 hr after the i.v. injection of various
doses of antiGBM to acute uninephrectomy and in-
tact rats (Fig. I). Doses over 400 g of antiGBM
resulted in a substantial decrease in the proportion
of antiGBM antibodies bound for both uni-
nephrectomy and intact rats, and thus substantial
amounts of antibody capable of binding to antigenic
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Fig. 1. Effect of dose on binding of antiGBM. The micrograms of antiGBM antibodies specif-
ically bound to the remaining glomeruli was measured 4 hr after the i.v. administration of
various doses of antiGBM to acute uninephrectomy rats (') and intact rats (0). The lines are
drawn from the equation y = axlb + x for best fit values of a and b as described in the text.
Intact rats ( ), a = 859 and b = 838; acute uninephrectomy rats (—), a = 464 and b =
564.
sites were present in the circulation for any dose
greater than 400 jsg. As expected, antiGBM bound
in the remaining kidneys of the uninephrectomy
group were much less than they were in the two kid-
neys of the intact rats. For doses of antiGBM over
400 pig, however, the amount bound in the uni-
nephrectomy group was 60 to 65% of that bound in
the intact rats and not the 50% value one might have
expected. We attribute this to the fact that total sat-
uration of available glomerular antigenic sites was
not achieved in either group.
To assess this point, the data were fitted to vari-
ous linear transformations and nonlinear equations
with the aid of a computer. The data best fit the non-
linear equation: y = ax/b + x [11]. The criteria for
fit were a) homogeneity of variance, b) serial corre-
lation among residuals, and c) reduction in residual
sum of squares [11]. The value for a is the asymp-
totic maximum of antiGBM bound as the dose (x)
approaches infinity. This value for acute nephrecto-
my rats (464 SEM 71 p.g) was not significantly dif-
ferent from one half the value for intact rats (838
SEM 123 p.g) (P> 0.25). Thus, it appears that at sat-
uration, the maximum antiGBM bound per kidney
is the same in acute uninephrectomy and intact rats,
and the relatively larger quantity of antiGBM bound
per kidney in the single kidney of a uninephrectomy
rat following subsaturating doses can be explained
by the relatively larger dose per kidney compared
with the same dose in an intact rat.
Effect of growth on binding of antiGBM. Pre-
vious anatomic studies have shown that there is an
increase in both the number and size of glomeruli in
young growing rats [12, 13]. The quantity of
antiGBM bound to the glomeruli of various sized
rats following a standard large antibody dose (660
g of antiGBM) was therefore measured to deter-
mine whether such increases in glomerular capillary
surface area would be detected by the present meth-
od (Fig. 2). As expected, the amount of antiGBM
bound to the glomeruli increased with rat size (cor-
relation coefficient, 0.80) for rats weighing 46 to ap-
proximately 200 g; no further increases in bound
antiGBM were detected in rats weighing 200 to
400 g.
Effect of time after uninephrectomy on the bind-
ing of antiGBM. At 0, 8, 15, and 22 days following
uninephrectomy or sham operation, groups of rats
received 660 g of antiGBM, and the quantity of
antiGBM binding to the remaining glomeruli was
determined. The mean percent changes in binding
and the mean percent changes in kidney weight are
plotted in Fig. 3. Only the binding data for uni-
nephrectomy rats obtained at 8 days are different
from those obtained at zero time (P > 0.05). All oth-
er data points for binding are not different from
00
c9
.
0 100 200 300 400 500 600 700
440 Knutson et at
E0
0,0
=
0
Q
Body wt,g
Fig. 2. Effect of growth on binding of antiGBM. Various sized rats received 660 jg of
antiGBM, and the micrograms of antiGBM bound to their glomeruli was measured 4 hr later.
those obtained at zero time. The two groups are,
however, slightly different from each other after 22
days (P < 0.05). Over the same period of time, the
weights of the remaining right kidneys in uni-
+10
Fig. 3. Effect of uninephrectomy on binding of antiGBM. Rats re-
ceived 660 sg of antiGBM at various times after uninephrectomy
(circles) or sham operation (squares). The mean percent change
in kidney weight (open symbols) and antiGBM bound in
the remaining glomeruli (closed symbols) is plotted versus time.
An asterisk () indicates data significantly different from time
zero (P < 0.05) by the unpaired t test. N denotes the number of
rats in each group.
nephrectomy rats increased markedly as hyper-
trophy occurred. The weights of the kidneys in
sham-operated animals increased slightly due to
normal growth, but the increases were far less than
they were in the uninephrectomy group. Initial
body weights and weight gains after operation were
not different in the two groups of rats.
Discussion
These studies are based on the assumption that
the number of antigenic sites on the GBM available
to combine with a standard excess dose of antiGBM
will bear some constant relationship to S and there-
fore be a relative measure of S. Support for the va-
lidity of this assumption was obtained in the experi-
ments with rats of different sizes. In young growing
rats, where both the number and size of glomeruli
are known to increase [12, 13], the quantity of
antiGBM specifically localizing in the kidney in-
creased as a function of rat weight. Conversely, in
adult rats, where the number and probably the size
of glomeruli appear not to change [12, 141, the quan-
tity of antiGBM bound also did not change despite
further increases in body weights. Tucker and
Blantz have shown an increase in K1 in growing rats
that correlated with increases in SNGFR and with
kidney weight [5]. They reasoned that filtration
pressure equilibrium was preserved during growth
by parallel increases in S and renal plasma flow,
though increases in k could not be excluded (L0 and
A in their nomenclature). The present studies fit
well with their findings and support the notion that
S increases with growth as expected.
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The quantity of antiGBM bound in the remaining
glomeruli of uninephrectomy rats given an excess
dose of antiGBM antibody did not increase with
time despite considerable anatomic hypertrophy of
the rest of the kidney. This finding is most consis-
tent with no increase in S. Deen et al have shown
that K1 does not increase when measured in plasma-
loaded rats which have previously undergone uni-
nephrectomy 161. If the above interpretation of our
data is correct, it follows that the hydraulic per-
meability (k) also does not change following unilat-
eral nephrectomy, since K1 is the product of S and
k. These findings and their interpretation are consis-
tent with the further studies of Deen et al who also
showed 1) that mean net ultrafiltration pressure
(PUF) and GPF increased sufficiently after uni-
nephrectomy to fully account for the observed com-
pensatory increase in single nephon GFR and whole
kidney GFR and 2) that filtration pressure equilibri-
um was preserved after uninephrectomy. Thus, it is
not necessary for S (or k) to increase in order for
compensatory rises in GFR to occur.
There is good agreement in the literature that the
number of glomeruli does not increase in the re-
maining kidney of adult rats following uni-
nephrectomy [15—171. Data concerning glomerular
size are conflicting. Several anatomic studies utiliz-
ing stained preparations of fixed tissue have pur-
ported to show an increase in glomerular volume
[12, 18—201. These studies, however, have not com-
pletely excluded possible artifactual differences
caused by congestion in the hypertrophied kidney,
tissue fixation, and sampling errors. Other studies
of kidneys, obtained usually from exanguinated ani-
mals, have not shown an increase in glomerular vol-
ume [2 1—231. Moreover, studies of protein synthesis
have shown only transient, slight increases in RNA
synthesis in the glomerulus, compared with large in-
creases of RNA synthesis in the tubule [221.
Few authors have attempted to assess the gb-
merular capillary surface area itself. Kirkman esti-
mated the total glomerular surface area to be 11,704
mm2 from the map measure tracings of the glomeru-
ii of a single adult male rate [14]. We are aware of no
attempts to directly assess glomerular capillary sur-
face area in hypertrophied rat kidneys.
Several possible objections may be raised to our
assumption that the number of available antigenic
sites on the GBM bears some constant relation to S,
since the assumption cannot be directly validated.
It is possible that antigenic density might be de-
creased in the GBM of aging rats over 200 g or in
hypertrophied kidneys. Krakower and Greenspon
tested rabbit anticanine antisera for their ability to
produce proteinuria and histologic renal lesions 7
days after injections into dogs 1241. They inter-
preted their data to indicate a decrease in antigenic
concentration in the GBM obtained from hyper-
trophied dog kidneys. The level of a positive titre
(60% of antisera giving diffuse glomerulonephritis),
however, was a completely arbitrary choice, and
the ability of a preparation of GBM to elicit nephro-
toxic antibodies may not depend solely on the con-
centration of antigenic sites. We know of no other
data concerning alterations in antigenic density in
hypertrophied or adult rat kidneys. The above cited
studies and others [25, 261 have, however, support-
ed the concept that antigenic concentrations may
vary in the GBM of nonfunctioning, developing
glomeruli.
It is also possible that there is nonuniform distri-
bution of antigens either within glomeruli or among
various populations of glomeruli, such as outer-cor-
tical versus juxtamedullary. This, coupled with in-
traglomerular or intrarenal shifts in blood flow,
could exactly balance so that an increase in S. might
occur without an increase in the antiGBM bound.
Against this possibility is the observation that trace
doses of antiGBM at the limits of detection by im-
munofluorescence distribute evenly among glomer-
uli, which suggests a homogenous distribution of
antigenic sites in glomerular capillaries.
Increases in single nephronL GPF and intra-
glomerular pressures which occur in compensatory
hypertrophy 161 might distend glomerular capillaries
and cause an increase in S without an increase in
the number of antigenic sites available for reaction
with antibody. One would then expect, however, a
parallel increase in k in such a distended capillary
rather than the decrease which would be necessary
in order for K1 to remain constant. Finally, binding
of antiGBM antibodies might be plasma-flow-de-
pendent. Increases in GPF of the magnitude found
after uninephrectomy, however, would probably
only result in a selection of higher affinity antibodies
and not in a decrease in the antiGBM bound, since
substantial amounts of free antiGBM were present
in the circulation with the doses used. Thus, al-
though there are several theoretical objections to
the basic assumption used in these investigations,
the assumption is reasonable and not contradicted
by available data. The antiGBM bound in the kid-
ney, however, probably measures perfused gb-
merular capillary surface area and not necessarily
surface area which is actively engaged in the proc-
ess of ultrafiltration. There may be conditions in
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which perfused and filtering capillary surface area
are altered in a nonparallel fashion. Such conditions
might occur in glomerulonephritis or with extreme
pertubations in renal hemodynamics. Thus, this
technique of measuring Sr may have limited appli-
cations.
The binding curves for differing doses of
antiGBM did not show saturation of glomerular an-
tigenic sites. Others have published similar curves
for antiGBM from different sources, some of which
also failed to show saturation 27]. Many ex-
planations might account for this phenomenon, in-
cluding heterogeneity of antigenic sites recognized
or heterogenei..y of antibody avidity. Regardless of
the correct explanation, the fact remains, however,
that there was no progressive rise in the quantity of
antiGBM binding to the remaining glomeruli follow-
ing uninephrectomy. This was observed, despite a
dose of antibody sufficient to detect an increase in
available antigenic sites had such an increase oc-
curred. We therefore conclude that in rats, 5r in-
creases with early but not late normal growth, and
that S. does not increase during hypertrophic
growth of the kidney due to surgical reduction of
renal mass.
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